Abstract-Fully integrated Systems-On-Chip demand very accurate, low power, temperature independent clock references. In this paper, an improved Wienbridge topology is presented, meeting the specifications of this problem. Measurements show a temperature dependence of 86ppm/
I. I
Integration of complete systems on a single chip is one of the most important evolutions in modern micro-electronics. Fully integrated Systems-On-Chip, including both analog and digital circuits, are necessary to obtain high performance, power-efficient and low cost systems. To eliminate the offchip components, the need for a very stable, precise, fully integrated, low-power clock references arises to eliminate the usage of an external crystal.
In this paper, a solution to this problem will be described using a well known oscillator structure: the Wienbridge oscillator. The usage of an improved topology allows to use this RC-structure to obtain an oscillator with the wanted specifications.
This paper is organized as follows. Section II describes the problem with the common Wienbridge topology in nanometer CMOS. Afterwards, Section III discusses the alternative Wienbridge oscillator topology. The amplitude regulator incorporated in the oscillator is investigated in Section IV. Simulation and measurement results are presented in Section V. Finally, some conclusions are drawn in Section VI.
II. T W 

A. Ideal Wienbridge Oscillator
The Wienbridge oscillator is an harmonic oscillator consisting of 2 building blocks: an amplifier and a passive RCfeedback network (see figure 1) . The oscillation frequency can be calculated using the Barkhausen criterion on the feedback network:
These conditions are fulfilled if the amplifier has a gain of 3 and zero phase shift, resulting in the following oscillation frequency:
It is clear that in this ideal implementation, the oscillation frequency is only dependent on the passive RC network. If a temperature independent oscillation is required, this network should consist of temperature stable passive elements. In the technology used, this network consists of N-and P-poly resistors and MIM-capacitors. The temperature dependency of the capacitors is negligible. Since the used N-and P-poly resistors respectively have a positive and negative first-order temperature dependency, a combined resistor with the remaining second-order temperature dependence can be obtained.
B. Implementation Non-idealities
Using an non-ideal opamp introduces its finite output impedance and phase shift in the circuit. The output impedance becomes part of the feedback circuit, thereby becoming an oscillation frequency determining parameter. Since the output resistance of the transistors changes strongly with temperature and the pole frequencies in the amplifier (controlling the phase shift of the amplifier) are also very temperature dependent, this poses a large problem to temperature-stable oscillation: the opamp becomes the critical part of the oscillator circuit. A temperature stable oscillator using the conventional Wienbridge topology can thus only be made using a very high performance opamp. This in his turn severely limits the low-power operation capabilities of such a circuit. The impact of process variability increases the mentioned problem. The gain, output impedance and phase shift will have wide To avoid this trade-off between power consumption, temperature stability and absolute accuracy, a new topology has been developed.
III. I W 
A. Basic structure
As explained in the previous section, the amplifier is the critical part in the Wienbridge oscillator. The required specifications can be summarized as follows: (1) a high output impedance, (2) no phase shift at f = f osc and (3) a noninverting voltage gain of 3. It can be seen that these conditions have to be preserved under changing temperature and process variability.
The amplifier needed can be easily realized using a simple common source amplifier with drain resistor. As can be seen, the drain resistor R becomes, together with the output resistance of the transistor r o part of the feedback network. Since this resistance R ∥ r o determines the oscillation frequency and the output resistance of a MOST strongly varies with temperature, it should only be determined by the temperature stable, resistor R. This is achieved by maximizing the output resistance of the amplifier r o by adding two cascode transistors. In this way the output resistance is mainly determined by the drain resistor R and almost independent of r 0 , the resistance of the transistor-branch.
The phase shift of the amplifier should be minimized at the oscillation frequency. This can be realized by limiting the size of the cascode transistors.
A solution to the inverting behavior of the amplifier, can be found in cascading two (inverting) amplifiers with feedback network, see figure 2. The resulting structure is a loop of two Wienbridge oscillators. A differential signal will be found between the output nodes of the two amplifiers.
B. Stability of the voltage gain: Source degeneration
In a Wienbridge oscillator, a voltage gain of 3 is required. The gain of the common source amplifier can be described as:
As said before, the output resistance of the transistor branch r o is maximized, resulting in an amplifier output resistance, determined by resistor R, which is strongly temperature independent. Contrary, the transconductance of the transistor g m varies as much as 35% over a temperature range of -40 to 100
• C, resulting in a large fluctuation of the gain. In order to stabilize this gain, source degeneration is used. Using this technique, the transconductance of the amplifier becomes:
which is largely determined by the source resistor R deg , a very temperature independent component. This source degeneration also results in an increase of output resistance by a factor (1 + g m · R deg ), which is favorable indeed. As can be seen, a trade-off exists between the magnitude and the temperature stability of the transconductance. A solution to this problem can't be found in increasing the current through the amplifier given a certain DC-biasing, since the lowered output impedance would compensate the increase in g m .
C. Increase of the gain: Current bleeding
A solution to the previous problem can be found in current bleeding. Using this technique, extra current can be delivered to the common source transistor, without increasing the current through the cascodes and output resistor R. To minimize the impedance reduction at the current bleeding node, two cascode transistors are added to the inserted current sources. The resulting amplifier has a temperature-stable voltage gain of 3 and high output impedance.
D. Controlling the output resistance: Gain boosting
To increase the output resistance of the amplifier even more, gain boosting has been applied to both cascode transistors. This results in an additional output resistance increase with a factor approximately equal to A, being the voltage gain of the gain-boosting amplifier. The gain boosting also has a positive effect on the phase shift of the amplifier: since the impedance at the source of the gain-boosted cascode transistor will lower, its pole will shift towards a higher frequency, which will reduce the phase shift of the amplifier at the oscillation frequency. Because of the differential nature of the oscillator, the gain-boosting amplifiers have been implemented as fully differential amplifiers. The gain-boosting amplifier used on the lower cascode is shown in figure 3 , the gain-boosting amplifier used on the upper cascode is similar, but uses a NMOSdifferential pair. Since the supply voltage in the 65nm process is rather small, a capacitive coupling between the output of the gain-boosting amplifiers and the gate terminals of the cascode transistors is used.
The resulting amplifier is shown in figure 4 . It has a phase shift < 0.4
• until a frequency of 24MHz. 
E. Guaranteeing the absolute accuracy
A lot of design decisions have been made to reduce to influence of the transistor branch on the oscillation frequency. This also has serious advantages concerning the absolute accuracy of the oscillation frequency. Since this frequency is purely dependent on the passive components of the feedback network, the accuracy of f osc will depend on the spread on the value of these components. In a CMOS technology, the spread on passive components typically is significantly smaller compared to active components. As stated before, the temperature dependency of these components can be made much lower compared to that of the active components.
IV. T A 
A. Purpose and stability problem
To make sure the output impedance of the transistor branch remains high, the transistors have to operate in the saturation region. This means that the output amplitude has to be limited prior to the deformation of the output signal. This is only possible with a non-linear circuit which influences the gain of the Wienbridge amplifier. Typically an amplitude regulation circuit consists of three parts: (1) measurement of the amplitude by peak detection, (2) integration of the peak signal on a capacitor and (3) feedback to the gain of the amplifier. As described in [1] one of the main problems of amplitude regulation with peak detection is its instability. A first pole in the feedback network can be found in the integrator. The second pole appears due to the delay between the gain adaptation and the amplitude change. This is, in an harmonic oscillator, a consequence of the finite Q-factor [2] .
B. Proposed Solution and Implementation
One solution to cope with this instability problem is by making a shortcut around the second pole for high amplitudes. By measuring the signal peaks at the source of the transistor (see figure 7) , there is an immediate influence from the peak detection circuit on the amplitude. For high signal levels the signal will leak through the source of peak-detecting transistors. When the regulator network is in stable operation, only a very small peak current is running through these sources which makes the input impedance of the measuring circuit very high. The increased leakage current over temperature causes a small linear temperature coefficient of the input impedance. In section V, a solution to this problem will be described.
The adaptation of the gain can be done by a transistor between the to amplifier branches. This transistor controls the impedance at the source of the input transistors, which also controls the gain. One very beneficial property of this technique is that it doesn't influence the DC-operating point of the circuit, only the AC-gain is altered in this way. The influence on the output resistance is negligible due to the shielding by the gain-boosted cascode transistors. Figure 6 shows the voltage gain as a function of the gate voltage of the 'bridge' transistor. The complete regulation circuit with peak detection transistors T c,1 and T c,2 , integration capacitor C and feedback amplifier is shown in figure 5. To determine the wanted level of the detected signal, a replica of the amplifier is used.
C. Complete Circuit
Using the different components discussed in the previous sections, the complete amplifier can be constructed. The full schematic can be seen in figure 7 , in which the gainboosting amplifiers and the amplitude regulator circuit have been left out, to increase clarity. The current by the input transistor is 10µA, of which 60% is conducted through the cascode transistors. The remaining 40% is supplied through the current bleeding. The total power consumption, biasing included, is 66µW at a supply voltage of 1.2V. The feedback circuit is designed to obtain an oscillation frequency of 6 MHz. During measurements, 7 samples have been measured. The oscillation frequency at room temperature is 5.998MHz with a standard deviation of 53kHz (0.88%). Figure 9 shows the temperature dependency of the oscillation frequency in a temperature range from 0 to 100 Since the simulated temperature behavior corresponds very well to the measured behavior, an improvement to the measured circuit is simulated. In this circuit, the temperature coefficient of the amplitude regulator is compensated by adding an opposite, first-order temperature coefficient in the resistors of the feedback network. This results in a simulated temperature dependence of 28 − 33ppm/ In table II, a comparison is made between the presented circuit and some recently published temperature stable oscillators. As can be seen, the proposed topology performs very well in a deep-sub-micron CMOS technology.
VI. C
An improved Wienbridge topology has been developed, realizing a fully-integrated, low-power, precise, temperatureindependent oscillator. Advanced design techniques have been used to obtain a high-performant oscillator, of which the specifications are listed in table I.
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